When aqueous suspensions of gold nanorods are irradiated with a pulsing laser (808 nm), pressure waves appear even at low frequencies (pulse repetition rate of 25 kHz). We found that the pressure wave amplitude depends on the dynamics of the phenomenon. For fixed concentration and average laser current intensity, the amplitude of the pressure waves shows a trend of increasing with the pulse slope and the pulse maximum amplitude. We postulate that the detected ultrasonic pressure waves are a sort of shock waves that would be generated at the beginning of each pulse, because the pressure wave amplitude would be the result of the positive interference of all the individual shock waves.
Introduction
Gold nanorods (GNRs) have shown a huge potential for different biomedical applications because of their large light absorption and scattering cross sections in the near-infrared (NIR) region [1] (plasmon resonance). Thanks to this optical behavior, gold nanorods are suitable as sensors [2] [3] [4] [5] [6] . Moreover, GNRs are able to transform the absorbed energy into localized heat. This optical effect is used to develop cancer therapies [7] [8] [9] [10] [11] such as photothermal tumor destruction either by direct increase of temperature or indirectly by coadjuvant drugs, either delivered by the particle or already present and activated by the heating.
Our research group has recently developed an optical hyperthermia device based on irradiation of GNRs with a cw laser in order to induce in vitro death of human brain astrocytoma cells (1321N1). The effectiveness of the method was determined by measuring changes in cell viability after laser irradiation of cells in the presence of GNRs. In accordance with other results in comparable experiments [12] [13] [14] , ours indicated that continuous laser irradiation in the presence of the particles induced a significant decrease in cell viability, while no decrease in cell viability was observed with laser irradiation or incubation with GNRs alone [15] .
Since the GNRs thermally expand when absorbing the light, pressure waves, also called photoacoustic waves, could be generated [16, 17] . In this first work, we study the formation of photoacoustic waves when irradiating an aqueous suspension of GNRs with an NIR laser tuned for their surface plasmon resonance at low pulsing frequencies and low average power densities, as compared to other works [18] [19] [20] .
Material and Methods
The cw laser (model H808, PSU-H-LED power source; Changchung New Industries, Changchun Jilin, China) works at 808 nm, with a maximum output power of 5 W, a beam height from the base of 29 nm, a beam diameter at the aperture of 5-8 mm, and laser head dimensions of 155 mmx 77 mm x 60 mm. The modulation of the laser was made using a pulse generator (50 MHz function/arbitrary/pulse generator TG5011LXI; TTi, Huntingdon, UK), which was connected to the transistor-transistor logic (TTL) input of the laser. The TTL signal from the pulse generator allowed a pulsed laser signal (0 V, on; 5 V, off) of different frequencies (0-30 kHz) and duty cycles (0%-100%) for different values of laser power/intensity The shape of the laser pulses was measured using a large-area visible photoreceiver (model 2031; New Focus, Santa Clara, California). Table 1 shows the maximum values of the average current feeding the laser that the device is able to reach for different duty cycles.
The plasmon resonance (longitudinal band) of the used GNRs (30-10-808 Nanorodz; Nanopartz, Salt Lake City, Utah) is matched with the laser excitation wavelength at 808 nm. The GNRs were dispersed in deionized water (36 i-ig/ml) with 0.1% ascorbic acid and 0.1% cetyltrimethylammonium bromide surfactant capping agent and had an axial diameter of 10 nm and a length of 41 nm.
The laser was connected to the system via a multimode optical fiber with a core diameter of 600 \im, a length of 1.5 m, and a power transmission of 90%-99% (600 mm multimode (MM) fiber; Changchung New Industries). The optical fiber was fixed vertically with the aid of a tripod stand and a burette clamp. The laser light from the fiber irradiated the samples through a collimating lens (78382; Newport, Irvine, California).
The ultrasonic measuring device is based on four piezoelectric receivers (25 kHz receiver; Kobitone Speakers & Transducers, Mouser Electronics, Mansfield, Texas), around the irradiated samples. Their maximum sensitivity is located at 25 kHz. The ultrasound receivers are selectable by the conditioning electronics to bring their signals to a lock-in amplifier (SR810 lock-in amplifier; Stanford Research Systems, Sunnyvale, California), whose reference input is the TTL signal that determines the frequency and duty cycle of the pulsing laser. The experimental enclosure is a square insulated plastic vessel with the four ultrasonic sensors placed on each side of the square and fixed using commercial silicone. In addition, there is a polyurethane foam cover around the core of the plastic vessel, forming an isolated environment that is able to avoid bounces and echoes that may appear during the ultrasonic transmission. The polyurethane foam is indicated as acoustic and thermal insulation because it is solid, uniform, and durable. This material is able to absorb the acoustic waves and prevents wave overlaps and echoes that could result in measurement inaccuracies (Fig. 1) .
A precision quartz cell with a light path of 10 x 10 mm and dimensions of 46 mm x 12.5 mm x 12.5 mm (QS-111 SUPRASIL; Hellma GmbH & Co. KG, Müllheim, Germany) is placed in the middle of the vessel to hold the aqueous suspensions of GNRs (3 ml). The remaining hole is filled with deionized water in order to allow a more efficient transmission of the sound waves. The device is finally coated by a cover filled with foam that is in contact with the water surface in order to prevent any air layer that may hinder the acoustic signal reception.
During the experiments, the modulated laser light vertically irradiates the samples placed in the quartz cell. The laser pulse shape and magnitude are measured with a photoreceiver (large-area visible photoreceiver 2031; New Focus, Irvine, California). The frequency of the TTL modulation is 25 kHz, matching up with the maximum sensitivity frequency of the receivers. The sound waves are transmitted from the cell through the water to the ultrasonic sensors. The voltage signal output by the sensors is amplified by a factor of 100 and fed to the lock-in amplifier, which displays its value. As a whole we get a sensitivity of -63 dB (0 dB = 1 V/|ibar). We can vary the average current intensity that feeds the laser, /LASER» up to 5.0 A (the average laser power is linearly proportional to /LASER) and the modulation duty cycle up to 80%. We have used the duty cycle as an experimental parameter to change peak currents and slopes without changing the average laser power. The GNRs concentration is chosen as 0, 36, 72, and 144 i-ig/ml. Figure 2 shows several laser pulse shapes for a fixed average laser current intensity (/LASER = 1-5 A) and the corresponding fitting curves for their rising edges. We used an exponential approach as follows:
Results and Discussion
, where A is the maximum amplitude of the exponential curve, B is the small offset that the pulsed signals show, T is the pulse rising time constant, t is the time, and y is the laser power. In order to keep constant the average laser current intensity, the signal peaks grow as duty cycles are shortened.
In Table 2 we summarize the main parameters from different pulsing regimes and the correspondence with their fitting curves. GNRs concentration (36 |ig/ml) and average laser current intensity (/LASER = 1-50 A) were fixed. From the chosen fitting curve, the slope in t = 0 s, m, and the maximum amplitude A (absolute peak value less offset) are mathematically related as m = y' [t = 0 s] = A/z. As shown in Fig. 2 , the fit is quite good, revealing the rising of the laser power as a direct consequence of the dynamic of the power source that feeds the laser with current. Figure 3 shows the correspondence between different duty cycles and maximum amplitude values A, obtained from the fit of the laser pulses. In order to determine if these results are consistent, we have calculated the theoretical correspondence between these parameters by taking into account the shape of our laser pulses. For this purpose, we have obtained and plotted the equation that links the parameters of interest through the calculation of the total amount of energy of each pulse. The shown good fit demonstrates that the ripples observed in In Table 3 we show the voltage output by the lock-in amplifier for different GNRs concentrations, at a fixed duty cycle of 80% and average laser current intensity (/LASER = 3.75 A).
Looking at Table 3 we can observe that the sensor 2 output is significantly lower than the others. This effect may be due to slight inaccuracies in the manual assembly of the device. Since this behavior is repeated whatever the measuring conditions, its outputs can be ignored. Figure 4 shows that for a fixed value of the duty cycle (80%) and for each average laser current intensity (/LASER)» the higher the concentration of the GNRs is, the greater the output voltage (average from the three correctly working sensors), so the higher the amplitude of the pressure signal. We can also see that there is a linear proportionality between the voltage and the GNR concentration. This result is consistent with the fact that the greater the GNR concentration is, the higher their efficiency to absorb the light [21, 22] . Since the absorption phenomenon is independent for each particle [23] , their thermal expansion is also independent. The waves produced by each one positively interfere, producing measurable pressure waves.
Figures 4 and 5 also show that the higher the average laser current intensity is, the greater the slope of the fitting lines and the pressure intensities (measured as sensor outputs). For samples without GNRs, the average voltage from the sensors is not zero but is proportional to the average laser current intensity, as we can see in Figs. 4 and 5 (represented as the offset value). This is a background effect due to the thermal behavior of the sample holder. Figure 6 shows the sensor 3 output as a function of the duty cycle and of different average laser intensities, when using a fixed GNR concentration of 36 i-ig/ml. We can observe that the voltage levels for each fixed laser current intensity and different duty cycles can be represented using a fitted line increasing for decreasing values of the duty cycle. Moreover, the higher the fixed average laser current intensity is, the higher pressure the signal that can be detected for a given duty cycle. This result shows that the observed phenomenon, the production of pressure waves at low frequencies, depends on both the average energy provided and the dynamics. This behavior is consistent with the fact that only under a so-called stress confinement condition [24] , in which the duration of the laser pulse is less than a characteristic confinement time (a condition that is not satisfied in our case, because of the low frequency of the laser pulses), the amplitude of the acoustic wave launched by the optical absorbers depends only on the total amount of energy absorbed.
As we can observe in Table 2 , each value of the duty cycle corresponds to a maximum amplitude value. Moreover, this maximum amplitude is linearly Fig. 3 . Correspondence between different duty cycles and maximum amplitude values A obtained from the fit of the laser pulses (diamonds), and fitted curve connecting these two parameters from the equations that define the total amount of energy of each laser pulse from an integration process to obtain the area under the pulses (A = maximum amplitude (a.u.), DC = duty cycle (%), mean squared error = R 2 , /LASER = 1-50 A, 36 ^ig/ml). proportional to the slope in t = 0 s (m), and the proportionality factor is given by the time constant T, as we can conclude from the definition of m. The parameter T depends on the behavior of the instrument in the generation of laser pulses with different requirements of energy, duty cycle, or peak laser current intensity In this case, the values of T are very similar for all the generated laser pulses, so it can be taken as a constant. Then, the dependence of the maximum amplitude value on the detected pressure waves is similar to its dependence on the slope in t = 0 s, taking into account the proportionality factor (T). Note that this effect is characteristic of our system and can not necessarily be extended to other systems, because the shape of the laser pulses and the subsequent fitted curves depend on the power supply Once the dependence of the data on the duty cycle is eliminated, in Figs. 7 and 8 we present the dependence of the detected voltage levels on the maximum amplitude A and the slope at the beginning of the rising edges of the pulses. The crossing at zero of the fitted lines has been forced. Actually, when laser irradiation is not pulsed, the maximum amplitude value A and the slope in t = 0 s should be zero because there are no pressure waves generation, and the voltage detected by the lock-in amplifier should also be zero.
If the pulses were ideal, the slopes in t = 0 s would approach infinity. However, in our real case the pulses are not ideal, and the slopes change depending on the duty cycle. Both the slope in t = 0 s and the A values exhibit a trend of increasing with respect to the detected voltage level, and hence with the wave pressure. As expected, they are similar for different average laser current intensities. The result shown is consistent with previous theoretical studies of photoacoustic propagation [24, 25] , in which it is stated that in the limit of highly localized, almost instantaneous optical absorption, as with gold nanorods, the acoustic pulse shape is approximated by the time derivative of the optical pulse. Nevertheless, according to the results and taking into account the behavior of our instrument, we cannot determine whether the actual linear dependence of the pressure waves is associated with the derivative of the laser pulse or with the maximum amplitude.
Finally, as the sensitivity of the ultrasonic receivers is -63 dB (0 dB = 1 V/pbar), the conversion from acoustic pressure to output voltage is expressed as 10(-63 dB/20) = 7.08 • 10" 4 V/pbar. The voltage levels obtained from the lock-in amplifier in this work were in the range 30-600 nV, so taking into account that the signal conditioning circuit has an electrical gain of 100, the amplitude of the pressure signals detected by the ultrasonic receivers (P sensor ) is in the range 0.04-0.85 pPa (1 bar = 105 Pa). The distance from the quartz cell to each sensor is 16.5 mm (r), and the distance from the center of the sample to one side of the quartz cell is 5.0 mm (r cell ), as can be obtained from Fig. 1 . Since the sound wave starts in the quartz cell and travels through the water environment toward the sensors, the pressure amplitude at the border of the cell (P 0 ) can be estimated, taking into account the ratio between the squared distances between sensors and the cell size, to yield P 0 = 10.89 • P sensor -
Conclusion
We have developed a device to measure and characterize the photoacoustic effect that appears when an aqueous suspension of GNRs is irradiated with a lowfrequency and low-power NIR pulsing laser. We have found that the magnitude of the wave pressure depends not on the total amount of provided energy but on the dynamics of the phenomenon. The pressure magnitude shows a trend of increasing, probably linearly, with respect to the slope in t = 0 s of the pulses, and hence with respect to the maximum amplitude value. In our system, the slope and the maximum amplitude are linearly proportional. However, we postulate that the measured phenomenon of pressure wave generation is the result of the coexistence of many processes taking place at each individual nanorod. As they thermally expand very quickly at the beginning of each laser pulse, the addition of all the individual shock waves generated by each one would positively interfere to form the observed transient phenomenon. This effect would take place despite of the smooth rising edges in our setup as compared to other excitation systems.
In short, we can say that the thermal expansion of gold nanorods suspended in water under a lowfrequency exciting laser light generates acoustic waves that are quantifiable as proposed. The magnitude of these signals can be controlled through the modification of the laser and modulation parameters. The determination of the real influence of these effects in biomedical applications and the correct theoretical explanation are important tasks for the future research.
